Abstract This paper presents the parametric optimization on surface quality characteristics (Ra, Rz and Rt) in hard turning of EN31 steel using multilayer coated carbide insert (TiN/TiCN/ Al 2 O 3 ) and also finds correlations. The experiments have been conducted based on Taguchi's L 9 orthogonal array. Multiple linear regression analysis has been utilized to find the correlations. The integrated multi-response optimization approach using CQL concept in WPCA coupled with Taguchi technique has been implemented. Based on the S/N ratio, the optimal process parameters for surface roughness i.e. Ra and Rz are the depth of cut at level 3 (0.5 mm), the cutting speed at level 3 (140 m/min), and the feed at level 1 (0.04 mm/rev). The optimal process parameters for Rt are found to be the depth of cut at level 3 (0.5 mm), the cutting speed at level 2 (100 m/min), and the feed at level 1 (0.04 mm/rev). Feed and depth of cut are found to be the significant cutting parameters affecting the responses at 95% confidence limit from ANOVA study. The first order model presented high correlation coefficient between the experimental and predicted values. The optimal parametric combination for multi-response (Ra, Rz and Rt) becomes d3-v3-f1 and is greatly improved. 
Introduction
Due to the development of newer engineering materials and targets to obtain higher productivity with good surface quality, the research in the area of cutting tool materials is continuing. The essential requirements or desirable properties for cutting tool materials include high hardness, high hot-hardness, high mechanical strength, stiffness and transverse rupture strength (TRS), high fracture toughness, chemical stability, high fatigue resistance, high heat resistance, high thermal shock resistance, adequate lubricity, resistance to adhesion and diffusion respectively. The thermal conductivity property of the tool material should be low at the surface to resist incoming of heat and high at the core to quickly dissipate the heat entered. High performance in all of these attributes simultaneously is generally not possible. The variation in the requirement of thermal conductivity has caught the attention of researchers for development of coated carbide tools. This has brought a revolution in metal cutting industry over last 30 years and developed bilayer and multilayer coated carbide inserts.
Nowadays, hardened steels about 60 HRC are successfully machined by both mixed ceramic and CBN tools and slowly replace traditional grinding operations. The main advantages of hard turning include reduction of manufacturing cycles and costs, decrease of setup time, reduction of number of necessary machine tools, achievement of comparable surface finish, elimination of part distortion caused by heat treatment, elimination of environmentally harmful coolant, low capital investment cost and low energy consumption [1] . Despite the high potential of hard machining with respect to time, cost and environment, industrial application of this technology is still limited. This is due to the uncertainties related to the surface integrity, part accuracy and economical feasibility. Considering these challenges, research in field of hard turning will definitely be worthwhile.
Literature review and objectives

Performance of coated carbide, ceramic and CBN insert in hard machining
Rech [2] studied various uncoated and coated carbide inserts such as PVD TiN, TiAlN and TiAlN + MoS 2 and its tribological performance during machining. The TiN and (Ti,Al)N + MoS 2 coatings were observed to be best for enhancement of tribological characteristics compared to uncoated carbide tools i.e. reduction of the tool-chip contact area, reduction of secondary shear zone thickness and of the interface temperature during the machining of 27MnCr5 steels. Lim et al. [3] revealed that coating on cutting tool surface provides higher crater wear resistance at high cutting speed and feed. Reduction of tool wear has been observed for TiN coated HSS tool than uncoated tool in turning hot rolled medium carbon steel. Go¨kkaya and Nalbant [4] studied various coated and uncoated carbide insert in dry turning AISI 1015 steel. The result revealed that lower surface roughness was obtained using CVD multilayer coated tool outermost with TiN compared to uncoated, coated with AlTiN and coated with TiAlN using the PVD technique. Wang [5] observed that marginal reduction of cutting force occurred during turning mild steel with the use of multilayer hard surface coatings CVD (TiC + Al 2 -O 3 + TiN) compared to uncoated carbide insert. Grzesik and Zalisz [6] observed that abrasion, fracture, plastic flow, material transfer and tribochemical effects involved in dry hard machining of AISI 5140 steel (60 HRC) using mixed ceramic insert. Singh and Rao [7] found that feed rate is the significant factor for surface roughness followed by nose radius and cutting velocity during finish hard turning of AISI 52100 steel using mixed ceramic inserts (Al 2 O 3 + TiCN). Yusof et al. [8] compared the machining performance of wiper coated ceramic tool (TiN coating with mixed Al 2 O 3 /TiCN substrate) and conventional ceramic for D2 steel (54-55 HRC). Wiper tool provides slightly shorter tool life but with good finer surface finish compared to conventional tool. Paiva et al. [9] performed hard turning of AISI 52100 steel using TiN coated mixed ceramic tool (Al 2 O 3 + TiC). Parametric conditions such as cutting speed of approximately 238 m/min, feed rate of 0.08 mm/rev and depth of cut of 0.32 mm provide maximum material removal rate with good surface quality during machining. Gaitonde et al. [10] experimentally observed that TiN coated wiper ceramic insert (Al 2 O 3 + TiC) performed better in context to surface roughness and tool wear, while the conventional ceramic insert was beneficial in decreasing the machining force, power and specific cutting force during hard turning of D2 steel (59-61 HRC). Zhang et al. [11] investigated the surface integrity of hardened bearing steel (62-63 HRC) using CBN insert and superior surface integrity was generated. For surface roughness, feed rate was found to be the most influencing impact in machining. Ö zel et al. [12] studied on hard turning of AISI H13 hot work tool steel (55 HRC) using CBN inserts. For surface roughness, workpiece hardness, cutting edge geometry, feed rate and cutting speed were found to be statistically significant. Particularly, honed edge geometry and lower workpiece surface hardness yield better surface roughness, lower tangential and radial forces during machining. Jacobson [13] studied the surface integrity aspects during hard turning of M50 steels (61 HRC) using ceramic and CBN insert. Effective rake angle and tool nose radius influence on residual stress. Higher negative rake angle and smaller nose radius create a more compressive residual stress profile. The hot pressed ceramic produced a better surface than the whisker ceramic. Yallese et al. [14] investigated on hard turning of X200Cr12 steel (60 HRC) using ceramic and CBN insert and 180 m/min cutting speed was found to be limiting factor for both inserts. CBN tool induced lower surface roughness than ceramic insert under limiting criteria of wear. The recommended optimal cutting speed was observed to be 120 m/min implementing CBN tool and 60 m/ min cutting speed for ceramic insert respectively. Sahoo and Sahoo [15] studied some comparative performance of uncoated and outer multilayer TiN and ZrCN coated carbide insert during hard machining of AISI 4340 steel and also economically justified.
Optimization and modeling aspects in machining
Noordin et al. [16] performed turning operation of AISI 1045 steel (187 BHN) using multilayer coated carbide insert (TiCN/ Al 2 O 3 /TiN) of two types i.e. CNMG120408-FN and TNMG120408-FN through Central composite design (CCD) and response surface methodology (RSM). Most significant factor for surface roughness and the tangential force is observed to be feed during analysis. Risbood et al. [17] studied during turning operation using TiN coated tools and revealed that neural network model sufficiently predicts the surface finish with reasonable degree of accuracy. Suresh et al. [18] performed turning operation of mild steel workpiece using TiN coated carbide inserts and developed surface roughness prediction model through RSM. Experimental findings revealed that surface roughness decreases with an increase of cutting speed and increased as feed increases. Surface roughness increases as the depth of cut and nose radius increases. Using genetic algorithm (GA) technique, optimal machining condition was obtained. Davim [19] studied machining operation using carbide insert on surface roughness using Taguchi method and found a correlation with multiple linear regression analysis. Study concluded that cutting speed and interaction between cutting speed/feed had the higher impact on surface roughness followed by feed. Depth of cut did not show significance on surface roughness. Dabnun et al. [20] conducted dry machining of glass ceramic using uncoated carbide insert through factorial DOE and response surface methodology and developed surface roughness model. For surface roughness, feed rate was observed to be most dominant factor followed by cutting speed and depth of cut. Nian et al. [21] performed multiresponse optimization during turning using normalized Taguchi loss function. For multi-responses such as tool life, cutting force, and surface finish, the most significant cutting parameters were feed rate and cutting speed. Datta et al. [22] performed submerged arc welding using full factorial design and developed RSM model. Multi-response optimization has been done using Gray-based Taguchi method and was improved through this methodology. Haq et al. [23] utilized gray based orthogonal array method to optimize multi-responses in drilling Al/SiC metal matrix composite that were greatly improved. Lin [24] optimized multi-responses i.e. tool life, cutting force, and surface roughness during turning using gray relational analysis coupled with Taguchi method that are greatly improved. Tzeng et al. [25] optimized process parameters in turning of high carbon high chromium tool steel (25 HRC) with TiN coated carbide insert through Gray relational analysis. From the study, depth of cut was found to be the most significance parameter on the roughness average and the cutting speed was the most dominant parameter on the roughness maximum and the roundness. Sahoo and Sahoo [26] performed hard turning of 4340 steel (HRC 47 ± 1) using multilayer coated carbide insert and developed mathematical model and multi-response parametric optimization through response surface methodology and gray-based Taguchi method. Sahoo and Sahoo [27] investigated experimental and optimization study in turning of D2 steel using TiN coated carbide insert through Taguchi technique and response surface methodology for development of model. Sahoo et al. [28] studied dry turning of AISI 1040 steel using coated carbide insert through Taguchi's design of experiment and developed model using regression analysis. Multi-optimization of process parameter has been done through gray relational analysis and model adequacy has been checked and found to be statistically significant.
From the literature review, multilayer coated carbide inserts outperform over uncoated carbide inserts in the range of lower hardness of workpiece. The cost of these inserts is quite less compared to PCBN and ceramic. However their implementation to machine hardened steel under dry environment in the range of HRC 50-60 is lacking. Very little investigations have been carried out to judge the performances. Design of experiment and statistical methods have commonly been used for analysis, prediction and optimization in machining. The Taguchi approach is found to be popular for solving optimization problems in metal machining for single objective function. In shop floor, surface qualities are considered to be the most important parameters for judging machinability. Hence seeking a multiresponse optimization technique to predict a set of optimum process parameters to obtain better surface finish simultaneously will be worthwhile. It is observed from literature that the use of multi-response optimization approach like principal component analysis has rarely been adopted in hard turning applications.
Hence, the present work has been focused to study the performance of multilayer coated carbide tools in hard machining under different parametric ranges. Furthermore, optimization of process parameter for multiple surface quality characteristics (Ra, Rz and Rt) is essential for successful implementation of hard turning instead of cylindrical grinding. Thus, the objective of paper was to optimize the process parameter individually and simultaneously for surface quality characteristics such as Ra, Rz and Rt in hard turning of EN 31 steel (55 HRC) using multilayer coated carbide inserts (TiN/ TiCN/Al 2 O 3 ) under dry environment through Taguchi and weighted principal component analysis (WPCA). Correlations have been developed using multiple linear regression analysis.
Experimental procedures
The workpiece material taken was EN 31 steel in the form of round bar of 40 mm diameter and 120 mm long hardened to 55 HRC. The test specimen is especially used as bearing material. The conventional high rigid lathe (HMT, NH 22) of 2040 maximum spindle speed and 11 kW power was used for experimentation under dry cutting environment (Fig. 1) . The multilayer coated carbide insert (TiN/TiCN/Al 2 O 3 ) of ISO geometry CNMG 120408 was used and mounted with a ISO designation PCLNR 2525M12 tool holder. The insert with tool holder has the nose radius of 0.8 mm and major cutting edge angle or approach angle of 95°with back rake angle of À6°. The surface roughness parameters (Ra, Rz and Rt in microns) were measured by surface roughness tester (Taylor Hobson, Surtronic 25) where sampling length and assessment were taken as 0.8 mm and 4 mm respectively. Ra is called the arithmetic surface roughness average; Rz and Rt are the maximum peak-to-valley height within sampling length and assessment length respectively. The measurements have been taken at four different locations of the workpiece and average values are recorded. The workpiece specimens were cleaned first to remove the rust layer to achieve the required diameter.
Determination of optimal process parameters for individual performance characteristics
In this section, optimal process parameters for individual performance characteristics i.e. Ra, Rz and Rt are obtained. The experimental results are assessed using signal-to-noise ratio (S/ N) and analysis of variance (ANOVA). The optimal parameters are judged based on the results of mean S/N ratio table Figure 1 Lathe (HMT, NH22).
of each parameter and significant influence of parameters on responses by ANOVA analysis. Further, the optimal parameters are verified by confirmation run.
Orthogonal array experimental design
For the experiment, three process parameters with three levels are selected which are shown in Table 1 . For the full factorial design, it requires twenty-seven experimental runs which consume lots of time and cost. To avoid this, Taguchi proposed a special designed orthogonal array called L 9 where nine experiments could be conducted. The experimental layout for the three cutting parameters using the L 9 orthogonal array is shown in Table 2 .
Analysis of signal-to-noise ratio
There are three categories for evaluating signal-to-noise ratios (S/N). They are the lower-the-better, the Higher-the-better and the nominal-the-better. For the performance characteristics of surface roughness, lower-the-better is taken for obtaining optimal machining performances. A lower-the-better criterion (in dB) is used for surface roughness as follows [29] :
where y is the value of surface roughness for the ith test in that trial. Table 3 shows the experimental results and corresponding S/N ratios of surface roughness for Ra, Rz and Rt calculated through Eq. (1). Next step is to calculate the mean S/N ratio at different levels of process parameters. For example, the mean S/N ratio for the depth of cut at levels 1, 2 and 3 can be calculated by averaging the S/N ratios for the experiments 1-3, 4-6, and 7-9 respectively and so on for other parameters such as cutting speed and feed. Tables 4-6 Table 4 Response table mean S/N ratio for Ra.
Symbol Process parameters Mean S/N ratio Rank
Level-1
Level-2
Level-3 represents the undesirable values. Therefore, highest S/N ratio gives the optimal parametric combination for the responses. Thus, from mean S/N response table, the optimal process parameters for surface roughness i.e. Ra and Rz are the depth of cut at level 3 (0.5 mm), the cutting speed at level 3 (140 m/ min), and the feed at level 1 (0.04 mm/rev) respectively. Similarly the optimal process parameters for Rt are found to be the depth of cut at level 3 (0.5 mm), the cutting speed at level 2 (100 m/min), and the feed at level 1 (0.04 mm/rev) respectively. Figs. 2-4 show the effect of process parameters such as depth of cut, cutting speed and feed on surface roughness parameters such as Ra, Rz and Rt respectively. Surface roughness parameters decrease with increase in depth of cut up to 0.2 mm and then increase with rise of depth of cut. Substantial decrease of surface roughness is noticed with rise of cutting speeds and may be due to drop of cutting forces in hard machining which brings the stability of machining system. Furthermore, surface roughness increases with increase of feed because radial force is prominent in hard machining which thus enhances vibrations and dynamic stability in the cutting zone and thus degrades the surface quality of the machined surface.
MaxMin
Analysis of variance
Analysis of variance is used to provide the information about significance of process parameters affecting the responses. ANOVA is calculated at 95% confidence limit. Tables 7-9 show the results of ANOVA for all surface quality characteristics i.e. Ra, Rz and Rt. From the results, it can be concluded that the feed and depth of cut are the significant cutting parameters affecting the responses as their P-value (Probability of significance) is less than 0.05. Cutting speed has been found to be the insignificant parameter for all surface roughness characteristics (Ra, Rz and Rt). 
Confirmation tests
The next step is to conduct confirmation test to predict and verify the improvements of performance characteristics using the optimal level of process parameters. Tables 10 and 11 show the results of confirmation experiment. The predicted S/N ratio,ĉ, using the optimal level of the process parameters can be calculated as [30] follows:
where c m is the total mean of the S/N ratio, c i is the mean S/N ratio at the optimal level, and o is the number of the main design parameters that significantly affect the performance characteristics.
Good agreement between the predicted machining performance and actual machining performance is shown. The improvement of S/N ratio from initial process parameters to optimal process parameters is 8.5581 for Ra and 5.3227 for Rz respectively. Similarly, the improvement of S/N ratio from initial process parameters to optimal process parameters is 5.5751 for Rt. Based on the result of the confirmation test, the surface roughness (Ra) is decreased 2.68 times, Rz is decreased 1.85 times and Rt is decreased 1.9 times respectively in hard turning of EN31 steel using multilayer coated carbide insert under dry cutting environment.
Correlations
The correlations between the process parameters (depth of cut, cutting speed and feed) and the measured Ra, Rz and Rt were obtained by multiple linear regression analysis. The equations obtained were as follows: 6. Multi-response optimization using weighted PCA Multi-response parametric optimization for three surface quality characteristics i.e. Ra, Rz and Rt has been done using weighted principal component analysis (WPCA) coupled with Taguchi method. The study applied WPCA to eliminate response correlation and to evaluate independent or uncorrelated quality indices called principal components which were aggregated by WPCA to compute overall quality index denoted as Multi-Response Performance Index (MPI). A combined quality loss (CQL) was then estimated which was optimized (minimized) finally. The study combined WPCA and Taguchi method for predicting optimal setting. Optimal result was verified through confirmatory test [32] .
The experimental data are normalized first (Table 12) considering lower-the-better criteria i.e. Xi * (k) = [min Xi (k)/Xi (k)] where Xi * (k) is the normalized data of the kth element in the ith sequence. Then, the correlations between the responses are checked. Table 13 represents Pearson's correlation coefficient between the responses. All responses are correlated to each other due to non-zero value of correlation coefficients. Principal component analysis (Eigen value, Eigen vector, accountability proportion and cumulative accountability proportion) is applied in order to eliminate the response correlation and shown in Table 14 .
Then correlated responses are converted to uncorrelated quality indices called individual principal component (Z1, Z2 and Z3) and shown in Table 15 .
Accountability proportion of individual principal components has been treated as individual priority weights. Next, Multi-Response Performance Index (MPI) is calculated using the following equation:
It is observed that the MPI values are negative. The concept of CQL has been introduced which is the absolute deviation of MPI from its ideal value and modulus of its yields positive value. The modulus of deviation facilitates computing signal to noise (S/N) ratio and is shown in Table 16 . This CQL is treated as the single response objective function to minimize it. Thus a multi-response optimization problem is converted into a single response optimization problem which can be solved by Taguchi method. Next, the mean response S/N ratio of CQL is calculated for each level of parameters using traditional Taguchi method and shown in Table 17 . Optimal parametric combination is derived from Table 17 taking higher value of mean S/N ratio of CQL. Thus the predicted optimal parametric combination becomes d3-v3-f1 i.e. depth of cut (0.5 mm), cutting speed (140 m/min) and feed (0.04 mm/rev) respectively. The three surface roughness characteristics i.e. Ra, Rz and Rt at optimal level are found to be 0.28 lm, 1.36 lm and 1.81 lm respectively. Finally, optimal results are verified by some confirmation run. From confirmation experiment (Table 18) , it shows the improvement of quality characteristics. Also the improvement of S/N ratio of CQL is found to be 15.6817 dB which shows the feasibility of the weighted principal component analysis. Therefore, it can be explained that high value of depth of cut and cutting speed and low value of feed lower the surface roughness in hard turning of EN31 steel using multilayer coated carbide insert under dry environment.
Conclusions
Application of the Taguchi parameter design and weighted principal component in the individual and simultaneous optimization of responses in hard turning of EN 31 bearing steel using multilayer coated carbide insert has been studied. The following conclusions are made of the present study:
Feed and depth of cut are found to be the significant cutting parameters affecting the responses at 95% confidence limit. Cutting speed has been found to be the insignificant parameter for all surface roughness characteristics (Ra, Rz and Rt).
Surface roughness increases with increase of feed rate and depth of cut. Decreasing trends of surface roughness are noticed with increase of cutting speed. The measured arithmetic surface roughness average (Ra) is quite less than 1.6 microns indicating comparable cylindrical grinding operation for finishing the hardened components. Based on the S/N analyses, the optimal process parameters for surface roughness i.e. Ra and Rz are the depth of cut at level 3 (0.5 mm), the cutting speed at level 3 (140 m/min), and the feed at level 1 (0.04 mm/rev). Similarly, the optimal process parameters for Rt are found to be depth of cut at level 3 (0.5 mm), cutting speed at level 2 (100 m/min) and feed at level 1 (0.04 mm/rev) respectively. The improvement of S/N ratio from initial process parameters to optimal process parameters is 8.5581 for Ra, 5.3227 for Rz and 5.5751 for Rt respectively. Based on the result of the confirmation test, the surface roughness (Ra) is decreased 2.68 times, Rz is decreased 1.85 times and Rt is decreased 1.9 times respectively in hard turning of EN31 steel using multilayer coated carbide insert under dry environment. The first order model presented high correlation coefficient (R 2 = 0.952, 0.932 and 0.918) explaining 95.2%, 93.2% and 91.8% of the variability in the Ra, Rz and Rt respectively and indicates good correlations between the experimental and predicted values of surface quality characteristics. Concept of CQL has been utilized to the objective function. This facilitates the computation of S/N ratio using Taguchi as its value remains always positive. The optimal parametric combination for multi-response (Ra, Rz and Rt) becomes d3-v3-f1 i.e. depth of cut: 0.5 mm, cutting speed: 140 m/ min and feed: 0.04 mm/rev and is greatly improved. The integrated optimization approach using WPCA coupled with Taguchi technique is found to be efficient and suitable in connection with correlated multi-response optimization in hard machining. 
